B3

Copyright © June 2009, Brian G. Agee. All rights reserved.

Topics

Interference excision, 7 June 2009, pg. 22

« Capabilities



B3

Copyright © June 2009, Brian G. Agee. All rights reserved. Interference excision, 7 June 2009, pg. 23

Capabilities

 Motivating model: multielement array, noiseless environments
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Interference Excision System Design Methodology

+ Develop an end-to-end model for the interference excision problem
— SOI and SNOI transmit signal models (if appropriate)
— SOI-to-receiver and SNOI-to-receiver channel model
» General model
» Learnable parameters
» Probable deviations
— Expected receiver system/network impairments
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Example: Array-Based Excision Problem

SNOI emitter 1 SO|
o0 emitte

snoi 8%

emitter 2 % o
0“

RF feed 2 DSP

SNOI emitter 3 % emitter 4% bl [
Antenna e ER7 w

subsystem RF feed M;,.q
=
LO |«

1
LO/sync subsystem
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B3

Exemplary Multielement Receiver

(XADC (n ))1

(xRX(t))l ua
d BRPFF w ’X‘ [L)PFl

>
RF feed 1
(xRx(t)) (XADC(n))
" gy w [Pr .
RF feed 2 DSP

hd (XRX(t))Mfeed y N w (X Dual )Mfeed< Dual (XADC(n))M
Antenna BPF LPF ADC
LO

subsystem RF feed M;,.q
e~ J2mhy t
<

Clock| LO/sync subsystem

feed
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Spatial Reception Model

Emission \/ERe{s

- Complex baseband representation

Emission
\/ERe{s(t;3)ej2ﬂfTX(3)t}, L

location p., (3)

3
Emission \/ERe{s(t;z)ejznfTX(z)t }

location p, (2)

t;l)efz”fo(l)t}, Antenna 1,
T~ == __location pRX(l)
location pTX(l) - NS T,
\ ~ R 4’(xRx(t))
\ Sa
N0 Sy Antemnay
‘ ,\‘\ ,%i location p,,, (2)
/ SRS
RN )
RPN
. // * - ‘.’::”‘ \
z"

Antenna M

feed’

“"" \
o -“;— O — i — —\jilocation Pry (Mfeed )
u

Antenna
subsystem

1

2

4>(XRX (t))M
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B3

Spatial Reception Model
Emission \/ERe{s(t)ejznfot}, location p. | Antenna 1,
= - __location pRX(l)

\\ ~ T T == >
\ ~ ~ g P(XRX (t))l
\\ ~ ~ Antenna 2
(xRX(t)) :\/ERe{gTR(m)s(t—rTR(m))ejZ”fTX(t‘TTR(m)) } % location pr(z)
()2 2o e (7] K el
TR Tx Rx \
\

\
\ Antenna M feed

\\klocation PRy (A/;feed )
>(XRX (t))M

Antenna feed

subsystem
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Spatial Reception Model

jomfy t _
Emission \/ERe{s(t)e o ),Iocatlon Py %"

(xRX (t))m = \/ERe{gTR (m)s(t—rTR (m))e

j2rfr,(t=t7g(m)) ) )\ \%

Antenna 1,
__location p,, +6 ANT( )

>(XRX (t))1

Antenna 2,
location p, +9 ANT( )

>(XRX (t))2

Antenna M

feed’

\klocatlon Pr, +5ANT( feed)
P(XRX (t))/\/j

Antenna feed

A 1 ‘
TR (m) = c Py _(pRX +8ANT H Narrowband antenna \\

| array approximation \
= E )(pTx N pr ANT H \
) % Pra = Pes| =B )HII:X ::X) 18 s (m)] < [pr =P

X X
sl path delay
- TR= ;HpTx ~Pry H (range dependent) subsystem

=R ESANT (m )UTR 1. P1, —Pr, direction vector

u o
TR !
))pTx _pr))

m) = Antenna (voltage) gain in direction u

IR (m) = 9rrIanT (uTR;m)’ Iant (”;

(direction -of -arrival dependent)
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B? : :
Narrowband Spatial Reception Model
2nf t
Emission \/ERe{s(t)ej " } location p-., | Antenna 1,
) - _ > location PRy +8ANT( )
Bandwidth ofs(t)<<— >(X (t))
HSANT(’”)H R\t )y
Antenna 2,
xRX(t) ~\2 Re{hTRs(t—fTR)ejzﬂfTXt } M. x1 receive signal ~ location pr, +8ANT( )
Moy x1 sintje-input, >(XRX (t ))2
a ~j ltiple-output (SIMO)
h 29 6 j27thX‘L'TRa ’ mu
TRTTR ANT channel response M
of emission \\ Antenna M,
A T emission spatial \ Iocatlon +9
(aANT)m:gANT(uTR’ )exp( pa 8ANT( ) TRj, signature (fn anfenna m Prc+ S (Mies)
X
Xo. (¢
wavelength Antenna ’( u ))Mfeed

2 C
Ay = = of emission subsystem
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B3

Spatial Reception Model at ADC Outputs (Narrowband LPF’s)

Antenna 1,
__location p,, +6 ANT( )

j2mfy t .
Emission \/ERe{s(t)e o },Iocatlon P, |

— > Rxl *(XADC(”))l

Antenna 2,

XaDC (” ) ~hrg (fo )SADC( ) | Migeq <1 LPF C;UtPUt signal 7 leaing pRJ +8ANT( )
boc(r) =t )o(s(1-s o Qpmetemsan® [ Rt o{ae ),
=NTanc \

CommonBPF-to-ADC N\
He, (f) 2Hyoc (f )HLPF (f )HBPF (f +fRX), receiver channel response, M < AtemaM,_,
BW < C/ HSANT(m H \y location p,, +8 ANT( feed)
A Observed time - of - arrival \k
TTR - EHpTx o pr H"’ TRX’ (TOA) of emission -~ » RxM *(XADC (n))
N . Antenna feed Mreeq
ar g served fregugncy -of -arrival subsystem 4
R T Ix TR (FOA) of emission |
o (fo) g (fo )aANT (fo)’ M. .4 > 1 SIMO channel response LO/bLK

at receive frequency f,
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Spatial Reception Model, Multiple Emitters

\/ERe{s(t;3)ej2ﬂfTX(3)t}, .

location p., (3)

j2mfy t .
Emission \/ERe{s(t)e . },Iocatlon Prx |

Emission

Antenna 1,
_location pg, +0 7 (1)

\\ RN SO :...’ o R);l *(XADC(H))l
. .’,\ ~ Antenna 2,
/\.\ :; ,“%Y location PRi +0 (2)
. SR |
R - \“. . » Rx?2 *(XADC(”))Z
7 -~ o "‘ \ |

v \ Antenna M foed

5“
"5 " - f‘g_..._._,_________\jilocation Pr, +8ANT(Mfeed)

A
d % Anteﬁ> R Mfeed $(XADC (n))Mfeed

ot (2)t subsystem
Emission \/ERe{s(tﬂ)ej (2] }

location p, (2) LO/CLK
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Spatial Reception Model, Multiple Emitters

. M4 equations (degrees of freedom)

(XADC. (” ))1 (HTI.? )1,1 (HTF.Q )1,2 (HTI? )1,3 (SADC((n))))l
(x ADC (;7))Mfeed (HTR ).Mfee J (HTR )M g2 (HTR ).Mfee .3 (sizz (n))z
=HrzSanc (” )

(HTR)m,E ~ 91 (#) 9 (U (f))e"p[j %SI\NT”TR (5)]

X

(SAD c(”))g = by (t)®(s(t—fTR (f);ﬁ)efzmm(z)fj

t=nTADC

Emissions completely
recoverable if Mo = 3,
regardless of their
relative strength!

M. 4 <1 received
ADC output signal

Feed m, emission ¢
MIMO network response

Emission /
observed at ADC output

Emission ¢
observed TOA

Emission ¢
observed FOA

Emission ¢
observed DOA
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B? : : : : : :
Linear Signal Separation Solution, Noiseless Environment
(n) eeq < 1 S@Mple n ADC output vector
SaDC (n) omit < 1 S@Mple n emission vector at ADC output
XADC(”):HTRSADC(”)’ < H.=M_ xL_. MMO network
toed X Lomit network response
rank{HTR } = Lomi
-1
H H
= SADC(n):W XADC(”)’ W=Hr (HTRHTR
-1 H
H H
W XADC(n) HTR(HTRHTR) j XADC(n)
H H
HTRHTR HTR ADC( )
H H « M <L, . linear combiner \
HTRHTR H (HTRSADC(n)) feed™~emit o
* Separates all L,;; emissions
H H .
HCH (HTRHTR) S 100 (n) No dependence on temporal structure of

=S,nc (n) * No dependence on collect time

received emissions, including TOA and FOA

\(instantaneous solution possible) /
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B? : : : : : :
Linear Signal Separation Solution, Noiseless Environment
(n) eeq < 1 S@Mple n ADC output vector
(n) omit < 1 S@Mple n emission vector at ADC output
X (n) =H__.s (n)
ADC TR¥ADC H x L. MIMO network response
H
= SADC(n):W XADC(”)’
-1 H
H H
W x,0c (1) HTR(HTRHTR) j Xaoc (1)
H H
HTRHTR HTR ADC( )
H H Requirements \
HTRHTR H r \HrrSanc |7
« Combiner degrees of freedom M, 4 =
HY H (HH H ) n number of emitters L,
TRUTR TRUTR ADC( ) * Linearly-independent channel responses
=Sanc (”) — For example, due to different emission

\ directions-of-arrival (DOA’s)

_
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Linear Signal Separation Solution, Noiseless Environment

= sADC(n) = WHXADC(”)’

XanC (” ) = HirSanc (”)

XapC (n) =M, <1 sample n ADC output vector
SADC (n) = L. <1 sample n emission vector at ADC output
Hr = My XL .« MIMO network response

G & € tent rank{ GMHye =1L

~ Temit

7 G arbitrary full-rank M xL, . matrix, fully
overlaps Hqg (rank{ G"H:z} = Lori)

— Infinite number of solutions

— “Best” separator dependent on other
factors (e.g., noise)

Qx H+g is minimum-norm solution /
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Linear Interference Excision Solution, Noiseless Environment

SR |

= S5

H
WsoXapc

(r)-
()<

_ content or structure
= Sso1\/

S (n) = Sample n SOl emission at ADC output
Scnol (n) = Lgyo % 1 sample n SNOI emission at ADC output

ssorn) ] hgg = M4 %1 SIMO SOI channel response

SSNOI(n) Hoyo = M. . X Loy MIMO SNOI network response

SNOI — ™ feed “* ~SNOI

rank{HSNOI } < Lsyon

\ rank{HTR} < Lo Hr = [hsm HSNOI]

-1 1
H H
WeoXaoc (1), Wsor=Hrg (HTRHTR) (0 ]

LSNOI

1

Lenor TR TR) TR ADC

_ (s (n) * M1 linear combiner — extracts onlyD
SO SOl (less complex)

SNOLIL S g0 (n) * No dependence on collect time or SOI/SNOI

* rank{Hgyp } can be < Lgy, (linearly

Qpendent channels, e.g., same DOA’S)/
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B3

Linear Interference Excision Solution, Noiseless Environment

S (n) = Sample n SOI emission at ADC output

S x 1 sample n SNOI emission at ADC output

SNOI(n ) = Lsvol
Xppc (n) = hgy850) (n)+HSNOIsSNOI (n) 3 hg = M4 %1 SIMO SOI channel response

Honor = Moy X Lsnor MIMO SNOI network response
rank{Hgyor < Leyoy
W = PJ_(HSNOI)hSOI
’ o hEP, (Hgyo )
= S501(1) = WeoXanc (1) SOl L SOl o0

) A1, _HSNOIHgNOI’ (.)T 2 pseudoinverse

feed

Null-space Projection Matrix\

* P, (Hgyo)Hgnoi =0
* SNOI components nulled
by combiner

+ SOl recovered without
error if P, (Hgyo) g0 # O/

ngIXADC(n): hngL(HSNOl) (hSOISSOI(n)+HSNOISSNOI(n))
hgoPL (HSNOI )hSOI

thIPJ_ (HSNOI ) hSOI
thIPJ_ (HSNOI ) hSOI

= Sgor(11)

Ssi(n)+
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Linear Interference Excision Solution, Noiseless Environment

S (n) = Sample n SOl emission at ADC output
Scno| (n) = Lgyo % 1 sample n SNOI emission at ADC output
X0 (n) =hg,Ss0, (n)+HSNOISSNOI (n) ) hgo = M,y 1 SIMO SOI channel response
Honor = Migey % Lsnor MIMO SNOI network response
\rank{HSNOI} < Lsyon
P (HSNOI)g
M50 pi b (1
- sSOI(n) :ngIXADC(n), < S0l J_( SNOI)g
_ T
| PJ_(HSNOI) - IMfeed HenoHsnol
H
Ll (H )
H SNOI
WSOIXADC(n) ) (h50|330|( )+HSNOISSNOI(n))
fsnoi s + g arbitrary Mfeedxlvector,\
H
SNOI hso s (n)+ g'P (HSNOI)HSNOI . (n) P, (Hsno)g #0
SOl gHP (H )h SNOI * Infinite number of solutions
SNO' "so SNOIS0 * g o< hgg, is minimum-norm
SSO| solution -
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Geometric Interpretation (Lgyg = 1, Mieq = 3)

(SNOI subspace
3,
£SNOI {heR 4 gelR fsnol 3 h= HSNOlg}

_—

A

Hoyo =h

SNOI SNOI

SOl

SNOI null - space

1 H
Lsnoi = {hER Hsnoil = O}
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Geometric Interpretation (Lgyg = 1, Mieq = 3)

( SNOI subspace

- B 3. —
«<;\\\\ Lsnor = {h €R™:P, (HSNOl )h B O}

A

H h

snol — M'sNol

SOl

SNOI null - space

1 3,
Lsnor = {h eR™:P (HSNOI)h - h}
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Geometric Interpretation (Lgyg = 1, Mieq = 3)

( SNOI subspace

J— _ 3. _
— Lonoi = {h sR:P) (HSNOI )h - 0}

-

A

H h

snol — M'sNol

SOl

P, (Hgyo )

SNOI) SOl

SNOI null - space

1 3,
Lsnor = {h eR™:P (HSNOI)h - h}

Projects hgp, onto the null-space of Hgy,
(null-steering operation)
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Geometric Interpretation (Lgyg = 1, Mieq = 3)

( SNOI subspace
3, _

— Ly
\\\\7
A
Hg\or = hsnol
Scales null-steered SOI channel
H _
response to enforce W30|h30| =1
Ysol

SNOI null - space

1 3,
Lsnor = {h eR™:P (HSNOI)h - h}

SOl

PL(H

SNOI )hSOI

-
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3
i Interpretation for Antenna Array (UCA)

Clk—»LO

EXADC (n))o ADC < LPF ¢<@<BPF£XANTO))O

;
A N <(XADC(”))l AT *@*BPngANT())l
Ssal7)+ gy

EXADC " ADC < |LPF ¢<@¢BPF£xANT (D

?WSOI
Alg

A _H
Ssol (”) =WsoXanc (”)
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3
i Interpretation for Antenna Array (UCA)
Ckl L0 ¥ K
EXADC(”))O AT %«BPngANT(t))Q
R <(XADC(H))1 ADC <« |LPF *@“BPfoANT(t))l
§SOI(”)« BF);\I :
(XADC(n))M EXANT(t))
< ~ADC < |LPF @«BPF M=1
Ay
Alg ” XADC(”):hSO|SSO|(”)+HSN0|SSN0|(”)(

Sso (” ) =WsoXanc

H

(")

Hanoi = [gTR-SNOI (“)amr (GSNOI (4)-@syan £ ))J i

h

sol = gTR-SOIaANT(

0

sorPsol ) !

<

Irr.s0 = Complex SOI channel gain
(930| ’9030|) = SOl receive (azimuth, elevation)

{a ANT (6,(/))} = Receive array manifold

= AT (u(@,go))

u(e,go) = 3% 1 direction vector at (0,(p)

LSNOI
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3
i Interpretation for Antenna Array (UCA)

Clk—»LO

ngDC(n))O ADC < |LPF %«BPF?ANTO))O
RX <(TADC(H))1 ADC < |LPF ‘@«BPFfXANT(t))l d

§SOI(”)<‘BFN :
EXADC(H))M*AD « ILPF *@“BPFEXANT(t))M—l

Mg
Alg _d m
jﬂANTCOS(9+27TMJCOS((p)

§sm(”):""goP‘ADc(”) (aANT(Q’q)))m: IanT [9+2”%’90]e "

=|a 0+2r mn @ azimuthally radial symmetry
ANT M
0

., m=0,...M-1

IaNT (9,(/)) = Array element (voltage) gain, common to each antenna

d . = Array diameter

ANT
A, = Receive wavelength
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B3

Interpretation for Antenna Array (UCA)

Clk—»LO

EXADC(n))O ADC < LPF «@«BPFKXANTO))O
Rx <(XADC(H))1 ADC -« |LPF “@«BPngANT(t))l

§SOI(”)« BEN E

EXADC(H))M* ADC < |LPF *@“BPFEXANT(t))M—l

Twsm
Alg

X H
Ssol (” ) = WsoXapc (” )

_(WgOIaANT(esow(psm))gTR soSsor(1)+ % ( Wsod ANT(GSNOI(g)’q)SNOI(f)))gTR-SNOI(ﬁ) ssno (77

SNOI

= 930|(930| (pSOI)gTR SOl SOI 930|( SNOI (PSNOI )gTR SNOI(E)SSNOI(n;g)

L CAY éM_lwgm m)|a (6.9 DeS'Q”{ sm(m)} that yields
s0(6:9) m§0 ()( ( ))m o0) gSOl(HSNOI(E),goSNOI(g))E0

= Array beamforming (voltage) gain in DOA (6
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3
£ Azimuthal UCA Beamforming Gain, Isotropic Antenna Elements
Ck—» LO N N
N <7
EXADC(”))O e o MEE ¢<@‘BPF£xANT( ))0
t
: Rx <(XADC(H))1 ADC < [LPF *@‘Bppfxm( )
SSOI(”)¢ BFN ¢
EXADC(H))M* ADC <« [LPF *@*BPFKXANT(t))M—l
ATgWSOI
IanT m
M—1 jr cos| O+2m
930|(9)% % W;m(m)e o [ Mj
M—1 Jk 0+27rmj
= J (md .
m% WSO'( )2 (ﬂ /Ao Design {CSOl(k)} such that

O (z) has roots at {ej Osnor (6)}
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Extreme Excision Example: 270 dB SOI/SNOI Interference Margin

Single-Element Antenna Output
(spatially isotropic antenna elements)

IR\ ZE ¢

3 inch diameter

2,412 MHz
N carrier

1 (1)

b1
Five Complex Gaussian SNOI’s, 270 dB ISR per SNOI \ QPSK SOI
1

Emitter 4 Emitter 5 Emitter 6 Emitter 7 11 Emitter 1
T T * T R T R T% T T ‘ T T
i | 7'.-.'-';4'?4 1 ,5};’{;‘2 N 7“"'36\ R : A \ * "
AT | CHECY) TR meE o

-t ST e s S T, LR B S - O IR A ' - 1
] | | \" ='1 . | A ! s '4'.:-.' | ,\ ! !
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Maximum-Ratio Combiner Solution

Beam steered directly
\ at SOI emitter

Minimal suppression
in SNOI directions

+40 dBi—

+20 dBi—

0 dBi

-20 dBi—

-40 dBi—

-60 dBi—

=

W

e .

QPSK SOI

Emitter 1

-180°

-120°

-60°

0° +60° +120° (o) +180°
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B3

Minimum-Norm Null-Steerer

SOl Recovered at -278 dB input SIR!! Extracted SO

Off-pointed to force
zeros at SNOI DOA’s

Zero-crossings at SNOI DOA’s F,),

LY -,
17 ‘l“'u‘.h
! Bt
| | B
+0 dBi— {€) 1 {7 — 1
+20 dBi ! l, — QPSK SOI
1 1
0 dBi I : | Emitter 1
i .
i ' L
-20 dBi i [ — . .
1 1
i ' .
-40 dBi i ! /] .
i 1
1 1
-60 dBi i F \m —
i I ] )

-180° +120° () +180°
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- Receiver noise, nonlinearity

— Cross-sensor filter mismatches
— ADC, digital processing precision
— Channel and platform dynamics

excision the most important part of the

 Numerous real-world implementation issues

+ Designing system to provide just the needed amount of

3
i Minimum-Norm Null-Steerer
Don’t try this at home!
« Demonstration of the ultimate power of the approach Extlracted|SOI
* Requires model to hold exactly PR
— Constellation imperfect even in this example, due to
precision of computer/algorithms! o

process

+40 dBi— ) |
+20 dBi

0 dBi
-20 dBi
-40 dBi

-60 dBi

| I o i "‘“1
| - QPSK SOl

Emitter 1

Dald —

¢ - ‘— —

e .

-180° -120° -60°

0° +60° +120° () +180°



